The hydrophobic part of the solvent-accessible surface of a typical monomeric globular protein consists of a single, large interconnected region formed from faces of apolar atoms and constituting ~60% of the solvent-accessible surface area. Therefore, the direct delineation of the hydrophobic surface patches on an atom-wise basis is impossible. Experimental data indicate that, in a two-state hydration model, a protein can be considered to be unified with its first hydration shell in its interaction with bulk water. We show that, if the surface area occupied by water molecules bound at polar protein atoms as generated by AUTOSOL is removed, only about two-thirds of the hydrophobic part of the protein surface remains accessible to bulk solvent Moreover, the organization of the hydrophobic part of the solvent-accessible surface experiences a drastic change, such that the single interconnected hydrophobic region disintegrates into many smaller patches, i.e. the physical definition of a hydrophobic surface region as unoccupied by first hydration shell water molecules can distinguish between hydrophobic surface clusters and small interconnecting channels. It is these remaining hydrophobic surface pieces that probably play an important role in intraand intermolecular recognition processes such as ligand binding, protein folding and protein-protein association in solution conditions. These observations have led to the development of an accurate and quick analytical technique for the automatic determination of hydrophobic surface patches of proteins. This technique is not aggravated by the limiting assumptions of the methods for generating explicit water hydration positions. Formation of the hydrophobic surface regions owing to the structure of the first hydration shell can be computationally simulated by a small radial increment in solvent-accessible polar atoms, followed by calculation of the remaining exposed hydrophobic patches. We demonstrate that a radial increase of 0.35-0.50 A resembles the effect of tightly bound water on the organization of the hydrophobic part of the solventaccessible surface.
Introduction
The strong hydrogen bonding energy between water molecules results in a large cohesive energy which is the source of the unusual physical properties of water, such as a high boiling point, a strong surface tension and the reluctance to dissolve nonpolar (hydrophobic) solutes unable to interact through similarly strong polar forces. The water environment has a major effect on the structure of a protein in solution, and protein-water interactions may be even considered to be the driving force in protein folding, ligand binding and protein association (Chothia, 1976; Dill, 1990; Honig and Yang, 1995) . All three types of process are characterized by structural changes during which hydrophobic portions of the structure become increasingly buried from bulk solvent.
It is desirable to find techniques for the automatic identification of continuous hydrophobic surface regions of a protein structure as possible sites for intra-and intermolecular recognition, e.g. for the association of peptide fragments during protein folding (Dill, 1990) , for ligand (substrate, effector, drug) binding (Leckband et al, 1994; Jones et al, 1995) , and for protein aggregation (Korn and Burnett, 1991; Covell et al, 1994; Young et al, 1994; Jackson and Steinberg, 1995) . Accurate estimates of the size of hydrophobic patches exposed to bulk water are even more important in molecular-mechanical energy calculations, as applied in conformational optimization techniques (von Freyberg and Braun, 1993; von Freyberg etai, 1993; Mumenthaler and Braun, 1995) where the solvation energy of hydrophobic surface regions is directly proportional to their solvent-accessible area (Herrmann, 1972 (Herrmann, , 1977 Reynolds et al, 1974; Amidon et al, 1975; Valvani et al, 1976) . Given a typical value of 20 cal/molA 2 as the surface energy for carbon (Tanford, 1979) , the additional exposure of only one methylene group buried in another conformation (~50 A 2 ) would result in a destabilization of ~1 kcal/mol. It is paradoxical that the solvent-accessible surface, as defined by Lee and Richards (1971) , which is traditionally used for the analysis of solvation properties of proteins, is not informative for the determination of hydrophobic surface clusters. The hydrophobic surface of a protein is organized into regions (or patches) consisting of neighbouring spherical atomic faces sharing common arcs. For a typical mediumsized globular protein, there is only a single, large and topologically interconnected hydrophobic surface region, consisting of faces of exposed apolar atoms and constituting 48-70% of the entire solvent-accessible surface area [see below for a representative subset of 127 monomeric proteins from the Protein Data Bank (PDB) (Bernstein et al, 1977; Abola et al, 1987) ], i.e. the major part of the solvent-accessible surface area is hydrophobic. Within this region, there are a large number of pockets or islands corresponding to solventaccessible polar atoms. Depending on the protein, a variable number of tiny hydrophobic patches (with size mostly well below 10 A 2 ; i.e. less than the surface area occupied by a single water molecule) may also exist.
Thus many researchers have moved away from atom-based accessibilities and analysed simplified surfaces composed of contributions from united atomic groups or even whole residues. The work of Young et al (1994) is a typical example.
A face-centred cubic lattice representation (3.8 A spacing) of the protein surface is computed based on the accessibility of spheres around the residue's Ca atoms. A hydrophobicity measure for each grid point is calculated as the sum of hydrophobicities of those residues associated with the given surface point. Clusters of hydrophobic grid points are easily identified in this crude lattice. A similar approach is used to calculate hydrophobicity (or lipophilicity) potentials (Audry et al, 1986; Fauchere et al, 1988; Furet et al, 1988; Croizet et al, 1990; Brasseur, 1991; Heiden et al, 1993) . The hydrophobicity of a surface grid point is given as the sum of the hydrophobicities of nearby atomic groups weighted by a function decreasing with distance. A hydrophobic surface patch is then defined as a topologically connected region of the surface (usually identified visually on a computer graphics screen) with a lipophilicity potential above a threshold value. The physical meaning of hydrophobic surface regions determined with such techniques is unclear. The reduction of large atomic groups or even whole residues to single spheres contributing to the surface is a crude simplification because amino acid residues are not completely hydrophobic or hydrophilic. For example, the amino acid lysine is hydrophilic at both the main-chain side and the tip of the side chain, with a long aliphatic (hydrophobic) link between these sites. This work is aimed at formulating a criterion for the definition of hydrophobic surface regions based purely on physical considerations. We will discuss and prove the following theses, (i) Definition of a hydrophobic surface region: From the viewpoint of interactions with bulk water, the protein can be considered to be a structural entity together with its first hydration shell. The hydrogen-bonded water molecules also partly cover the solvent-accessible hydrophobic surface, bridge polar sites and thus dissect the single large hydrophobic surface region into smaller patches. Therefore, a hydrophobic surface region can be defined as a continuous piece of surface formed exclusively of hydrophobic atoms and unoccupied by water molecules bound to polar protein atoms, (ii) Method of computation: The formation of hydrophobic surface regions owing to the structure of the first hydration shell can be computationally determined with explicit structural models of the first hydration shell [e.g. with AUTOSOL (Vedani and Huhta, 1991) or AQUARIUS2 (Pitt et al., 1993) ]. The same effect can be simulated by a small increase in the radii of solvent-accessible polar atoms (~0.4 A), followed by calculation of the remaining exposed hydrophobic patches.
These principles for hydrophobic patch definition have been incorporated into an exact analytical algorithm which has been implemented as an additional option in the ASC package of surface and volume computing routines (Eisenhaber and Argos, 1993; Eisenhaber et al, 1995a) .
Theory
The definition of hydrophobic surface regions Here we will carefully analyse experimental data on protein hydration and formulate a physically sound definition of hydrophobic regions on the solvent-accessible surfaces of proteins. The characteristics of bulk water are preserved only at relatively large distances from the protein surface. The protein solute disturbs the structural, thermodynamic and kinetic properties of water molecules in its vicinity. Increasingly sensitive physico-chemical methods yield an ever more complex picture of protein hydration (Table I) . Depending on the physical criterion applied (e.g. a threshold for binding strength, for residence time, for frequency of water occurrence at a site, for rotational or translational water mobility, etc.), different numbers of water molecules influenced by the biomacromolecule are observed. The water binding sites at the protein surface are heterogeneous in terms of their accessibility and binding strength, and each method selects (depending on the physical criterion) water molecules at a subset of these sites.
In the hydration shell concept, water molecules (binding sites) similarly influenced by the protein are sorted into layers. The so-called two-state hydration model is the simplest of such classifications. It distinguishes only between a first hydration shell and bulk water, ignoring any long-range effects of the protein on the water environment. The two states have an at least 10-fold difference in relaxation time, corresponding to -1.4 kcal/mol in binding energy (Rupley and Careri, 1991) , and the activation energy for transition between them is sufficient to break a hydrogen bond. Hence, first hydration shell water molecules are in close contact with the protein and form hydrogen bonds to its polar atoms. The residence times of these water molecules are prolonged and are in the range 10~2-10~1 0 s, which is significantly larger than for bulk water (Wuthrich et al, 1992; Levitt and Park, 1993; Steinhoff et al., 1993; Otting and Liepinsh, 1995; Phillips and Pettitt, 1995) . Bound water molecules are characterized by three types of mobility: (i) small and fast fluctuations near the binding site, especially fast rotations (time scale ~10~1 0 s) around the axis of the hydrogen bond with the polar atom of the protein (Peemoeller et al., 1986) ; (ii) slow lattice-type diffusion from one binding site to another, especially if two sites are so close that they cannot be occupied simultaneously (Eisenmenger et al, 1984) ; and (iii) exchange (reorientation time of fast rotation axis 10~7-10" 8 s, activation energy 4.5 kcal/mol) with bulk water (Peemoeller et al, 1986) . As shown in Table I , the amount of such first layer water molecules for a globular protein with the size of lysozyme (mol. wt 14 200-14 400) is usually estimated as ~0.4 g H 2 O/g protein (Kuntz and Kauzmann, 1974; Rupley and Careri, 1991) . In many experiments, the protein appears unified with its first hydration shell, e.g. hydrodynamic radius measurements show an enlarged radius of gyration because of bound water (Table I )-In contrast, water near hydrophobic surface regions is dynamically similar to bulk water and usually has no spatially localized sites (Levitt and Park, 1993; Walshaw and Goodfellow, 1993) . The time scale of diffusion of unbound water belonging to outer hydration shells and bulk water is 10"'°-10~1 2 s (Fullerton et al, 1986; Peemoeller et al, 1986) .
Thus, it is reasonable to think about the protein and the first hydration shell water molecules as a single structural entity, and to consider the interaction of the combined system with bulk water. The bound water molecules generally cover the polar surface as well as portions of the neighbouring apolar surface. Therefore, the hydrophobic surface of the protein contacting bulk water is reduced by water molecules hydrogen bonded to exposed polar atoms. Only the remaining pieces of solvent-accessible surface can be considered to be in contact with bulk solvent.
Explicit structural models of the first hydration shell and a simple method for computing hydrophobic surface regions To study the effect of bound water on the organization of the hydrophobic surface, the following structural models of an explicit first hydration shell can be analysed: (i) water binding sites determined using X-ray crystallography or NMR (WUthrich et ai, 1992; Levitt and Park, 1993) ; (ii) a water shell constructed on the basis of ideal hydrogen bond geometry, as known from organic chemistry (Vedani and Huhta, 1991) ; (iii) knowledge-based water positions (Pitt et ai, 1993; Roe and Teeter, 1993) using the experience from well-resolved crystal structures of proteins; or (iv) first hydration shell models from molecular simulations (molecular dynamics, Monte Carlo, etc.) with water layers around the macromolecule of interest (Eisenhaber et ai, 1990a,b; Zheng et ai, 1990; Eisenhaber and Schulz, 1992; Brunne et ai, 1993; Lounnas and Pettitt, 1994a,b; Lounnas et ai, 1994) .
The following section is devoted to the discussion of the principal advantages and limitations of the models.
X-ray crystallographic or NMR-determined positions of water binding sites near a protein usually constitute only a small subset of the first hydration shell water molecules (Kuhn et ai, 1992; WUthrich et ai, 1992; Levitt and Park, 1993) . In addition to the minimal condition of hydrogen bond formation with a polar group of the protein, the mobility of the water molecule must be reduced further for a detectable site, e.g. by the possibility of multiple hydrogen bonds to protein atoms (Dbtsch and Wider, 1995; Koenig, 1995) , or by confinement in cavities (Sreenivasan and Axelsen, 1992; Denisov et ai, 1995; Halle and Denisov, 1995) or surface grooves (Kuhn et ai, 1992) . Other, more mobile, water molecules still likely to remain in the vicinity of an exposed polar group without breaking their hydrogen bonds during a prolonged residence time (typically lCH-10" 10 s) are not easily visible with these methods. Sometimes a water position in a crystallographic structure is without physico-chemical foundation (e.g. without a polar atom of the protein in its vicinity, etc.) and, therefore, may be considered to be a refinement artefact. Crystallographically determined water sites at the surface of globular proteins can account for ~0.1 g H 2 O/g protein (see n water in Table II) .
The module AUTOSOL, implemented in the package Yeti 6.0 (Vedani and Huhta, 1991) , generates the coordinates of possible water binding sites in the vicinity of a protein under the condition that water molecules placed at these positions can form (almost) ideal hydrogen bonds. The cut-off factor for the shortest allowed contacts between putative oxygen atom positions at water binding sites and protein atoms is the critical parameter. Allowing not less than 70% (so-called 'tight cavity scan') of the sum of the two atomic radii to be the smallest distance, AUTOSOL produces first hydration shell sites that may account for 0.20-0.25 g H 2 O/g protein (see row Abater in Table II) . A further reduction in the cut-off factor (below 70%) would result in more but mutually closer water sites that cannot be occupied simultaneously or are in positions clashing strongly with protein atoms. Obviously, the demand of an almost ideal hydrogen bond places a very strong limitation on the size of the hydration shell. A possible interpretation would be that, during the protein structure refinement procedure, little or no attention has been given to the optimization of interactions of the accessible parts of the structure with water. Small conformational changes would allow more water molecules to be placed at otherwise unoccupied polar groups. On the other hand, the hydration level of 0.20-0.25 g H 2 O/g protein, as generated by AUTOSOL under the condition of favourable hydrogen bond geometry, is in agreement with important experimental results (Table I) . Water adsorption isotherm studies, dielectrometry, IR (infrared) spectroscopy and the like indicate a similar number of strong binding sites.
In the knowledge-based approach, water positions in different protein crystals near a given type of polar group are superimposed in a coordinate system centred on the hydrogen bond partner in the protein to obtain a general water density distribution. However, further implementations by Roe and Teeter (1993) and Pitt et ai (1993) differ. The first group derives coordinates of density maxima with respect to the given polar group, and these discrete sites are transferred to the polar groups of a protein structure of interest. In this respect, the approach is similar to AUTOSOL because the maxima are expected at locations that allow the formation of almost ideal hydrogen bonds. Therefore the absolute number of water sites is probably in the same order of magnitude as for AUTOSOL. Pitt et ai (1993) transform the whole density distribution to the local coordinate system of a polar group in the protein structure. Water density in space regions overlapping with the protein is set to zero. Finally, a maximal subset of sites with high water occupancy is selected. In the approach of Pitt et ai (1993) , the geometric conditions for hydrogen bond formation are relaxed, along with the broad density distribution. As a result, the program package AQUARIUS2 generates a large number of water binding sites (compared with AUTOSOL) that may represent -0.44 g H 2 O/g protein for lysozyme (see "water m Table IT) . Experimental evidence suggests ~0.38 g tightly bound water for lysozyme ( Table I ), so that the list of water positions produced by AQUARIUS2 probably contains a few very weak sites. Therefore, the two descriptions of the first hydration shell of lysozyme with AUTOSOL and AQUARIUS2 may be considered to be the lower and upper limits, respectively, of the real situation. The number of hydration water sites for the two smaller proteins (rubredoxin and erabutoxin B) obtained with AQUARIUS2 are obviously larger than 0.4 g H 2 O/g protein (Table II) . In a first approximation, the number of bound water molecules n^,^^ is proportional to the surface area, which correlates with the molecular weight (MW) to the power of 273 thus:
Therefore, proteins with smaller molecular weights will yield relatively larger numbers of water sites, while for myoglobin, with a larger molecular weight than lysozyme, the corresponding value is only 0.37 g H 2 O/g protein (Table II) . Thus, AQUARIUS2 appears to be most suitable for the generation of a model of the first hydration shell in which all solventaccessible polar groups are satisfied with sufficient water molecules. Experimental evidence ( Table I ) also indicates that water molecules above the hydration level suggested by AQUARIUS2 do not belong to the first hydration shell.
The three models discussed so far represent a static, timeaveraged picture of the first hydration shell. The real system 'protein-water environment' is characterized by dynamic changes, e.g. conformational fluctuations of accessible fragments of the protein, lattice diffusion of bound water molecules and exchanges with bulk water. It is possible to monitor the water molecules in the first hydration shell and their reduction effect on the solvent-accessible hydrophobic surface of a protein under study at each step in a molecular dynamics or Monte Carlo simulation. However, such techniques have their own limitations (Eisenhaber et ai, 1995b) , the main problems being the imprecision of the force fields used and the high drying at 377 K for 3 hours, very tightly bound water internal water molecules in lysozyme onset of decrease in the relaxation rate at the border between regions I and II end of constant relaxation difference Ae at increasing hydration, tightly bound water (multiple hydrogen bonds) number of sites with multiple hydrogen bonds in human or tortoise egg-white lysozyme onset of deviation from linear increase of C p curve, beginning of conformational change onset of exchange onset of a sharp increase in \IT\, tightly bound water with relaxation time equal to that of the protein end of almost constant apparent specific heat, onset of linear increase of apparent specific heat (water condensation at strongly interacting sites) amid I+11 and COO~-band discontinuity normalization of pA" 0 , hydration of ionized groups medium frequency process (10"" 8 s) /i m (capacity of primary adsorption sites) from BET theory, bound water at charged groups knee at low humidities (interaction with charged groups), onset of hysteresis onset of increase in aliphatic peaks (increase of protein motility) end of linearly increasing rotational relaxation similar to bulk water (single hydrogen bond), onset of relaxation higher than bulk water (water action as protein plasticizer, increased protein flexibility) beginning of peak in e' (conformational change) end of deviation from linear increase of (1 + n'2)C p curve, end of conformational change deformation energy is comparable with energy of fold stabilization in the range h = 0.15-0.22 (conformational change) solution exchange rate reached (normal internal motions) saturation of 1330 cm" 1 band to 95% number of well-ordered sites per asymmetric unit human lysozyme tortoise egg-white lysozyme decreased elastic and increased inelastic neutron scattering in the range 0 8-4.0 cm"', increase in domain flexibility onset of a drastic decrease in relaxation rate at the border between regions II and III end of hysteresis bulk water value reached onset onset of Met7l and Met73 flexibility ~1 MHz Bone and Pethig (1985) Blake et al. (1983) Lioutas , •< a/. (1986, 1987) Bone and Pethig (1985) Blake et al. (1983) Mrevlishvili (1984) Rupley and Careri (1991) Fullerton et al. (1986) Rupley and Careri (1991) Poole and Finney (1984) Rupley and Caren (1991) Miura et al. (1994) Bone and Pethig (1985) Rupley and Caren (1991) Gregory et al. (1993) Bone and Pethig (1985) Shchegoleva (1985) Mrevlishvili (1984) Morozov et al. (1988) Schinkel et al (1985) Poole and Finney (1984) Blake et al. (1983) Smith (1991) Lioutas et al. (1986, 1987) Rupley and Careri (1991) Rupley and Careri (1991) Rupley and Careri (1991) Tamura et al. (1996) computational cost of simulating systems with many degrees of freedom.
We will present examples for the first three methods to generate the first hydration shell. To account for imprecise coordinates of water sites and ignorance of water mobility when bound to polar groups in a static description of the first hydration shell, another, computationally cheaper approach compared with molecular dynamics simulation appears to be more promising. First hydration shell water molecules partly occupy the hydrophobic surface surrounding polar sites. It should be possible to model this hydrophobic surface reduction effect simply by a small increment in the radii of the solventaccessible polar atoms, followed by calculation of the remaining exposed hydrophobic regions (see below).
Materials and methods

Computation of area and connectivity of atomic solventaccessible faces with the property region recognition routine ofASC
The solvent-accessible surface of a protein, as defined by Lee and Richards (1971) , consists of spherical atomic faces surrounded by solvent-accessible circular arcs. In such a system, it is possible to define property patches as sets of topologically connected faces belonging to a selection of atoms (e.g. all hydrophobic atoms). Then, all faces surrounding the property region belong to atoms outside the given selection. Analytical surface computation is preferable over numerical area calculation techniques because the possible division of a Gregory et al. (1993) Cantor and Schimmel (1980) Tamura et al. (1996) Rupley and Careri (1991) Sartor et al. (1995) Rupley and Careri (1991) Fullerton et al. (1986) Lioutas et al. (1986, 1987) Lioutas et al. (1986, 1987) The table summanzes literature regarding the size of the hydration shell for hen egg-white lysozyme (with a few exceptions for other eukaryotic lysozymes and for Streptomyces subtilisin inhibitor). The hydration range ft in g H2O/g protein corresponds to the value cited in the specific reference given. The numbers of perturbed water molecules n per protein molecule have been calculated for hen egg-white lysozyme (mol. wt = 14 200) if they are not supplied in the reference. The experimental conditions and interpretations are described in a few words only. For more information, the reader is directed to the appropriate reference. The h values correspond to points of significant change in the functional behaviour of a physical parameter versus humidity (lyophilized samples as powders, films and the like) or of a physical parameter versus water activity relationships (solution conditions). No phase changes have been observed at the transition from low humidity to true solution conditions and vice versa (Kuntz and Kauzmann, 1974) . As water binding is a local event, both approaches will give complementing information about protein hydration in solution. It should be emphasized that the water molecules detected as perturbed by one method need not necessarily be influenced by the experimental conditions of another technique. For example, a strongly bound water molecule at an exposed charged group may not be spatially localized (for crystallographic conditions) and may rotate freely in the quite homogeneous field of protein charges. The amount of hydration water h is, to a first approximation, proportional to the surface area (power 2/3 of the molecular weight) and not to the molecular weight. Therefore, if a first hydration shell of 0.4 g H 2 O/g protein is generally accepted for lysozyme, the amount of water for small proteins such as rubredoxin (mol. wt 6040) will probably be near 0.52 g H 2 O/g protein.
larger region into smaller ones by small atomic faces less than the grid size employed can be excluded.
In a first step, all atomic faces have to be computed. The solvent-accessible surface area was calculated with the fast and accurate analytical routine ASC (Eisenhaber and Argos, 1993; Eisenhaber ef al., 1995a) . The atomic radii from table I of Juffer et al. (1995) were used. The probe (solvent) radius was set to 1.4 A. The complete topological description of the surface (tables of accessible arcs and vertices), which is a side product of the analytical area computation, was used to calculate the solventaccessible faces of atoms. The cycle-face assignment problem, which appears in the case of several cycles of solvent-accessible arcs on one and the same atom, was solved using stereographic projection (Connolly, 1983) . The analytical routine for the computation of surface regions with any given property has been written in the programming language C and integrated into the program ASC. Hydrophobic regions were determined as sets of spherical faces on hydrophobic atoms (carbon and sulfur) connected through common solvent-accessible circular arcs.
The software associated with this work will be made publicly available, and provided as a World Wide Web and e-mail service. The corresponding information can be obtained from the URL http://embl-heidelberg.de/~eisenhab/ASP/SF_ME. html on the World Wide Web. Interested users can also The solvent-accessible surface area computation results without any hydration water and with three models for the first hydration shell [crystallographic water, AUTOSOL (Vedani and Huhta, 1991) and AQUARIUS2 (Pitt el al., 1993) ] are listed for four exemplary proteins. Three structures have been selected from Table I in Thanki el al. (1991) because of their large number of crystallographic water positions. Hen egg-white lysozyme (2lzt) has been added because most of the experimental data on hydration have been collected for this protein (Table I) -In all cases, the resolution of all three structures is 1.97 A or better and the /f-factors are <19%, i.e. side-chain conformations are reliably resolved (Schrauber el al., 1993) The four sections A-D describe the regional organization of the solvent-accessible surface in different conditions: (A) without any hydration shell and with the three static models; (B) crystallographic water, (C) AUTOSOL; and (D) AQUARIUS2. "Solvent-accessible surface area of the crystallographic protein structure without water and other heteroatoms. Number of solvent-accessible polar atoms calculated without any hydration water and without other heteroatoms. c Data on polar surface regions: number of polar surface regions, their average surface size and r.m.s. deviation (in parentheses) measured in A 2 . d Hydrophobic portion of the solvent-accessible surface area given as an absolute value (/*HA) an( i ^ a relative value (in %) compared with the original overall solvent-accessible surface area A SAS . dumber of hydrophobic surface regions, average size of a hydrophobic surface region, its r.m.s. deviation and the maximal hydrophobic surface region as a value (in %) relative to AHAf Number of hydration water sites belonging to the first hydration shell, as generated from crystallographic water positions with AUTOSOL (Vedani and Huhta, 1991) and with AQUARIUS2 (Pitt el al., 1993). apply to F.E. by electronic mail (Frank.Eisenhaber@EMBL-Heidelberg.DE) or by normal post.
Generation of water binding sites in explicit structural models of the first hydration shell
The graphics program WHATIF (Vriend, 1990; Hooft et ai, 1994) with its standard parametrization was utilized to produce the crystallographic images of the water positions and to select the subset belonging to the first hydration shell. A solvent molecule was considered hydration water if it had at least a van der Waals contact with a protein atom.
The program AUTOSOL (Vedani and Huhta, 1991) was run with the standard parametrization of the Yeti 6.0 force field. The threshold values for close contacts resulting in the exclusion of water binding sites were set to 0.713 and 0.730 of the sum of the atomic radii in van der Waals and hydrogen bond contacts, respectively ('tight cavity scan')-Only water molecules with hydrogen bonds to polar atoms of the protein were selected.
The program AQUARIUS2 (Pin et ai, 1993) was kindly supplied by Will Pitt and David Houldershaw (Birkbeck College, London, UK). We used the recommended parameters RMSE = 0.13, maximum height cut-off = 0.0, maximum gradient cut-off = 0.0, and a clash distance between water molecules of 2.5 A. In some cases (e.g. for the Lys96 e-amino group of myoglobin), the program AQUARIUS2 was unable to superimpose the standard geometry of polar groups onto the real atomic locations with the required error threshold. As a result, even in the AQUARIUS2 hydration shell, single polar atoms may be without hydration water.
Computation of hydrophobic surface regions
Solvent-accessible surface computations were performed under various conditions using: (i) only the protein atoms (traditional solvent-accessible surface computation); (ii) protein atoms together with crystallographically determined first hydration shell water positions, AUTOSOL water sites, or water positions generated when applying AQUARIUS2; or (iii) only the protein atoms but with incremented radii for polar atoms accessible in case (i).
In explicit first hydration shell models [case (ii)], the protein solvent-accessible surface covered by bound water molecules has to be computed. We determined the radius of a bound water from the following condition. The average volume of a water molecule in bulk water (density 1 g/cm 3 ) is 29.9 A 3 . The radius of a sphere with the same volume is equal to 1.92 A. Averaged over 121 proteins, a water molecule inside an intramolecular cavity occupies 24.0 (127 examples), 29.2 (34 examples) and 32.1 A 3 (12 examples) for cavities containing a single, two or more than two water molecules, respectively (Hubbard et ai, 1994) . The corresponding radii of spheres with equal volumes are 1.79, 1.91 and 1.97 A. The volume of surface bound water will be between the two extremes (bulk water and inside a cavity). Therefore, a radius of 1.90 A for first hydration shell water molecules appears to be a good estimate. A planar section through the centre of such a sphere will have an area of ~ 11.3 A 2 . Because the solvent-accessible surface is not flat, a water molecule may cover more than that value. To emphasize, for surface computations with explicit water molecules the latter were not incremented by the probe radius.
Selection of monomeric proteins from the PDB
The selection of polypeptide chains with nonhomologous tertiary structures (residue identity =£35%, resolution =£2.0 A) taken from the Brookhaven PDB (Bernstein et ai, 1977; Abola et ai, 1987) was performed automatically using the program OBSTRUCT (Heringa et ai, 1992) . Protein structures determined with NMR as well as structures with incomplete backbones or side chains (except for the first or the last residue of the polypeptide chain) were excluded. From the resulting set of 229 proteins, 100 polypeptide chains, which were subunits of multimeric proteins as recognized by a chain identifier or an appropriate commentary in a REMARK record, were removed. We also excluded two membrane proteins. The remaining list of 127 PDB entries is presented here: 1531 , laaj, lacf, lacx, ladl, lahc, laic, laid, lamp, larb, last, Ibex, lbtc, lbtl, lebs, ledp, lcfb, legt, lcie, lenr, lcot, Icp4, lcrm, lctf, lcyo, leas, ledb, lenj, lesl, lfas, lfdx, lfkb, lflp, lfrd, lfxd, lgcd, lgcs, lgdi, lgky, lglg, 2glt, lgof, lgox, lgpr, lhbg, lhfc, lhoe, lhpi, lhuw, lhyp, Hag, lien, ligd, lkdb, lknt, 1199 and 7pcy.
Results and discussion
Area reduction and regional organization of the solventaccessible hydrophobic surface as a result of hydration water binding in explicit models
In Table II we present data on the hydrophobic surface, its area and its organization for a few well-resolved monomeric protein structures (rubredoxin, erabutoxin B, hen egg-white lysozyme and myoglobin). The examples span a wide range in the hydrophobic fraction of the total solvent-accessible surface area (51.7-63.6%) and in the tendency for polar atoms to cluster on the surface. The average size of a polar hydrophobic surface region is in the range 32-64 A 2 , and the number of polar surface regions per 1000 A 2 is between 6.7 and 11.8 (Table II) . In all cases, a single large hydrophobic surface region is observed which covers 99.4-100.0% of the total hydrophobic surface area (A mm in % of A HA in section A of Table II) .
The surface organization changes very little if crystallographic water is added (Table II) . Although the overall hydrophobic surface area reduces by 11.8% for rubredoxin (from 1896 to 1672 A 2 ), 14.6% for erabutoxin B, 13.4% for lysozyme and 16.4% for myoglobin, the size of the largest hydrophobic surface region remains clearly above 90% of the remaining hydrophobic area and the number of patches is in the same order of magnitude. The set of X-ray crystallographic water positions is probably a poor model for the first hydration shell. Many polar groups of the protein lack sufficient water molecules in their vicinity or are not coordinated by water molecules at all (see Theory above).
Dramatic changes are observed if a more complete first hydration shell, as generated by AUTOSOL or AQUARIUS2, is considered (Table II and Figure 1A and B). The general trends are as follows, (i) The solvent-accessible hydrophobic surface area /4 HA reduces to about two-thirds of its original value (60.0% for rubredoxin, 66.3% for erabutoxin B, 58.8% for lysozyme and 66.8% for myoglobin) or to ~40% of A SA s, the total solvent-accessible surface area of the crystallographic 
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The area reduction and regional organization of the solvent-accessible hydrophobic surface for rubredoxin, erabutoxin B, lysozyme and myoglobin are described for different levels of polar expansion. In (A) the reader is referred to Table II for the value of A SAS where the total hydrophobic surface area at a given expansion is listed. Our results show a qualitative change of the surface organization in the expansion range 0.35-0.50 A.
structure without any water. Whereas the bare globular protein is mostly a hydrophobic molecule, the protein with a first hydration shell is generally a polar entity. The decrease correlates negatively with the tendency of polar atoms to cluster on the surface. The larger the number of polar surface regions, the more drastic is the reduction in hydrophobic area, tiny but substantial in size (relative to A HA ). (iii) The largest hydrophobic surface region (area A,^ constitutes a much smaller fraction of the remaining overall hydrophobic area AHA, clearly below 90%. In the case of lysozyme, it is not even fully correct to speak about a largest patch because there are many of similar size.
Comparison of the data in Table II for AUTOSOL-and AQUARIUS2-generated hydration shell models in the case of the two larger proteins lysozyme and myoglobin also suggests why the water positions, which are exclusively contained in the larger set, are generally weaker adsorption sites. In addition to a possibly worse hydrogen bond geometry of the contact with the polar atom, the protein environment for these water molecules seems to be less polar. For example, an average water in the AUTOSOL shell of myoglobin covers ~4.2 A 2 of hydrophobic solvent-accessible surface, whereas every additional AQUARIUS2 water molecule (above the 199 AUTOSOL waters) contacts, on average, with 5.7 A 2 [= (4330 -3455)/ (352 -199) A 2 ] of hydrophobic solvent-accessible surface.
To conclude, the first hydration shell has a pronounced effect on the nature of the protein surface (for an illustration see Figure 1A and B). It is much less hydrophobic than in the 'naked' state without hydration water. Further, the originally single, large interconnected hydrophobic surface region disintegrates into many smaller patches. This observation has import- ant consequences for interactions with proteins and polypeptides in solution conditions, e.g. for ligand binding. It appears to be obvious that only these remaining hydrophobic surface pieces interact initially with hydrophobic ligands in solution. The residual hydrophobic surface regions on the surface of hydrated polypeptide fragments may play a decisive role in the recognition of native tertiary contacts during core formation in protein folding or in the recognition of subunit contacts in multimeric proteins.
Area reduction and regional organization of the solventaccessible hydrophobic surface as a result of incremental expansion of the solvent-accessible polar atoms
The analysis of the effect of different explicit structural models of the first hydration shell on the organization of the solventaccessible surface of a protein is a complex task using the available software. Each method of generating the first hydration shell also has seriously limiting assumptions. Therefore, it is natural to think about simplified approaches allowing a rigorous treatment. Water molecules in the first hydration shell cover hydrophobic surface only in the vicinity of the solventaccessible polar atoms they contact. Thus, the same effect can be modelled by some radial increment of solvent-accessible polar atoms. We investigated polar expansions from 0.0 A to the obvious upper limit of 1.4 A, the contact radius of a water molecule. In Table HI , the area reduction and regional organization of the solvent-accessible hydrophobic surface for rubredoxin, erabutoxin B, lysozyme and myoglobin are described for different levels of polar expansion. Our results demonstrate a qualitative change in the surface organization in the expansion range 0.35-0.50 A. Both the average size of a hydrophobic surface region and its r.m.s. deviation, as well as the size of the largest patch, are reduced dramatically. For very large expansions, these three parameters may increase slightly because a few small hydrophobic surface regions disappear and the number of patches decreases.
The data in Table II can be utilized for the calibration of a suitable polar expansion that matches the effect of explicit first hydration shell models. A comparison with the results presented in Table I shows that the total hydrophobic surface area A^ for an expansion between 0.4 and 0.5 A is equal to that for the AQUARIUS2 model in the case of all four proteins. Similar observations can be made for parameters describing surface organization. The average size differs in absolute value by <1.1%, at least for one of the two expansions (0.4 and 0.5 A) from the AQUARIUS2 results in the case of all four proteins. Both the r.m.s. deviation of the average patch size and the size of the largest hydrophobic surface region in Table  II are lysozyme and 0.30-0.35 A for myoglobin. Given the principal difference that hydration water covers the hydrophobic surface surrounding a polar site only from the direction of approach whereas the isotropic expansion of a solvent-accessible polar atom evenly screens it from all sides, the coincidence of the results for expansions of 0.35-0.50 A with the data for the AQUARIUS2-generated hydration shell is excellent. The differences are even less significant if possible errors in water binding site coordinates (typically in the range 1.5 A; Vedani and Huhta, 1991; Pitt et al, 1993) and the lack of a dynamic description of the water shell are taken into account. Because AQUARIUS2 has the slight tendency to 'overhydrate' the protein, the value of 0.4 A appears to be a good compromise for a computation of the remaining hydrophobic surface area if the first hydration shell is taken into account ( Figure 1C ). Polar expansion radii >0.6 A will describe the core of the hydrophobic surface region which will never be in contact with bound water. In the following, we want to show that the observation of the complete reorganization of the protein surface at certain expansions of solvent-accessible polar atoms is a general phenomenon for monomeric, globular and water-soluble proteins. The dependency of the average area of a hydrophobic surface region and its r.m.s. deviation on the expansion radius of solvent-accessible polar atoms for a representative set of 127 monomeric protein structures (see Materials and methods) is presented in Figures 2 and 3 respectively. The area values are normalized with respect to the total hydrophobic surface area AHA at me given expansion radius. In both figures, the curves exhibit a dramatic decrease (even more pronounced for the r.m.s. deviation) up to about an expansion of 0.35-O.40 A, after which the decrease is less significant. The curves level out and are clearly <10% of the total hydrophobic surface. In Figure 4 , a similar graph of the size of the largest hydrophobic patch is shown. The onset of a drastic decrease occurs close to 0.25 A, and the curve saturates, beginning with an expansion of 0.6 A. The number of hydrophobic surface regions ( Figure  5 ) has a steep increase up to an increment of 0.4 A. For larger polar expansions, the first derivative begins to decrease and the curve reaches a maximum at ~1.0 A.
We conclude that the hydrophobic surface has experienced a complete reorganization after reaching the expansion radius in the critical region 0.35-0.50 A. The single large hydrophobic region comprising almost all hydrophobic atoms disintegratesinto a large number of smaller regions, each contributing on average ~5% to the total hydrophobic area. It is apparent that the frequently occurring small hydrophobic channels connecting much larger hydrophobic regions have been covered by the expanded polar atoms. A further increase in the expansion radius (even up to 1.4 A, the contact radius of a water molecule) changes not so much the number of the hydrophobic patches (compare Figure 5) but, on average, results in a proportional decrease in both the areas of patches and the total hydrophobic surface area (as seen from the almost constant average patch size relative to A HA in Figure 2) .
The change in the total hydrophobic solvent-accessible surface area A HA with increasing expansion radius of the solvent-accessible polar atoms of the protein is shown in Figure 6 . For smaller expansions up to 0.7 A, the reduction is almost linear. Because there are no singularities in the data, we can conclude that large invaginations closed by expanded polar atoms are rare. Two-thirds of the total hydrophobic solvent-accessible surface area at zero expansion is reached at 0.4 A. Thus, from the viewpoint of both total hydrophobic area reduction and surface patch organization, the polar expansion of 0.4 A is a suitable value for the computation of hydrophobic surface regions with the first hydration shell considered as part of the protein (for an illustration see Figure 1A -C). It is clear that the exposed polar expansion model quickly and easily provides a view of the hydrated protein and the likely hydrophobic surface regions available for contact with other hydrophobic surfaces. In a future paper it will be demonstrated that the area distribution of hydrophobic surface regions can be utilized to estimate the hydrophobic effect upon protein folding.
Conclusion
In this work we have achieved three goals. First, we suggested that extensive hydrophobic surface regions are a consequence of limited solvation and use this condition for their definition. Second, in both variants AUTOSOL and AQUARIUS2 of explicit modelling of the first hydration shell (set of water molecules hydrogen bonded to the protein), it was shown that the hydrophobic surface is significantly decreased and results in individual patches rather than a single continuous region, as in the case of the classic definition of the apolar solventaccessible surface. Third, it was demonstrated that a simple additional expansion of polar atoms at ~0.4 A resembles the effect of tightly bound water. The lesson is that the apolar surface is probably overestimated using standard van der Waals radii and can be calculated more accurately using some method for positioning the waters on the surface or by adjusting the atomic radii of solvent-accessible polar atoms.
